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Where strength comes from? 
Tensile strength as a function of wire diameter for patented and drawn pearlitic hypereutectoid 
steel wires. 
Krauss, G., High-Carbon Steels: Fully Pearlitic Microstructures and Applications In Steels: Processing, Structure, and 
Performance, ASM International: 2005. 
Severe plastic deformation leads to unique microstructural 
changes on fine (fully) pearlitic microstructures 
Krauss, G., ASM International: 2005. 
Li, Y. J. et. Al.  Acta Mater. 2011, 59 (10), 3965-3977 
- Boundary strengthening, which increases with 
decreasing spacing between the cementite lamellae 
-solid solution hardening, which increases with the 
carbon concentration in the ferrite lamellae 
- defect strengthening, which increases with the density 
of defects (between and within) 
Three strengthening mechanisms identified as playing a   
major role on strength. 
Lamellae thinning 
Zelin, M., Acta Mater. 2002, 50 (17), 4431-4447 
Boundary strength 
Types of spatial arrangement of pearlite 
lamellae 
Toribio, J., Mater. Sci. Eng A  2004, 387-389, 227-230 
Wavy pearlitic structure at a normal cross section of a 
drawn wire. 
Lamellae thinning 
 Thickness of ferrite and cementite lamellae decreases to a few nanometers in a heavily 
drawn wire. 
Interlamellar spacing 
 = 3.7 
Boundary strength 
cementite 
ferrite 
Zelin, M., Acta Mater. 2002, 50 (17), 4431-4447. Commercial 0.8-0.96C 
Fe = blue 
C = green 
S = 70 nm  for = 0 (as-patented)  S = 25 nm  for = 2  S = 13 nm  for = 5  
Lamellae thinning 
Boundary strength 
 Li, Y. J. et. Al.  Acta Mater. 2011, 59 (10), 3965-3977 
0.8C-0.5Mn-0.2Si 
Evolution of interlamellar interfaces 
Volume of the entire wire is constant, its surface area increases with 
strain  
volume fraction of  interfaces ferrite/cementite increases dramatically 
 = 3.6          Vi ≈ 12% (≈ V ) 
-interfaces can be considered as another phase 
-High elastic stresses associated with interfaces 
Boundary strength 
Zelin, M., Acta Mater. 2002, 50 (17), 4431-4447. Commercial 0.8-0.96C 
Field Ion micrographs showed a “lamellar contrast” of ferrite and cementite at ε = 3.6, but by a 
strain of 5.1 a “uniform contrast” was observed. 
Almost complete dissolution of cementite 
ε = 3.6 (UTS = 3.8 Gpa) ε = 5.1 (UTS = 5.2 Gpa)  
Hono, K.; Scrip. Mater. 2001, 44 (6), 977-983 
S.S. Hardening 
0.97C-0.30Mn-0.21Si-0.21Cr 
Solid solution hardening 
3D Atom Probe Tomography 
S.S. Hardening 
Solid solution hardening 
 Li, Y. J. et. Al.  Acta Mater. 2011, 59 (10), 3965-3977 
0.8C-0.5Mn-0.2Si 
C   25 at.%  10 at.%
C   0 at.%  2 at.%
C content of cementite 
Complete dissolution of cementite does NOT 
happen above  =3.47 
______________________________________ 
the carbon concentration decreases with 
decreasing thickness of the cementite 
lamellae. 
______________________________________ 
 = 2-3.7 , for the same cementite thickness 
the carbon concentration decreases during 
further straining. 
the decomposition is promoted by plastic deformation but within a limited strain regime 
S.S. Hardening 
Solid solution hardening 
 Li, Y. J. et. Al.  Acta Mater. 2011, 59 (10), 3965-3977 
0.8C-0.5Mn-0.2Si 
-ferrite might be hosting “huge” amounts of C (S.S. hardening) 
-part of that C might be segregated to dislocations. 
Adapted data from Li, Raabe and Maruyama 
C content of ferrite 
This would mean a strongly heterogeneous distribution of carbon atoms in ferrite so that most 
carbon atoms are located near the phase boundary, where most of dislocations get stored 
Far from 
Close to interface 
S.S. Hardening 
Solid solution hardening 
…..and the C from dissolved and impoverish cementite goes where? 
0.8C-0.5Mn-0.2Si 
Solubility of carbon in non-cubic ferrite 
Jae Hoon Jang, Dong-Woo Suh, H. Bhadeshia 
APMS 2013 CAMBRIDGE 
http://www.msm.cam.ac.uk/apms/presentation.html 
S.S. Hardening 
Solid solution hardening 
…that amounts of C can only be hosted if ferrite acquires Tetragonality 
by deformation 
Dislocations density 
= 0      = 7.8  1014 m-2 (as-patented) 
= 5     1.4  1016 m-2  
X-ray line profile analysis  
Chen, Y. Z.; Metal. Mater. Trans. A.2013, 44 (8), 3882-3889. 
= 0       = 7.5  1013 m-2  
= 0.68       = 7  1014 m-2  
= 2.67       = 8.8  1015 m-2  
HRTEM 
Defects 
0.8C-0.5Mn-0.2Si 
 Li, Y. J. et. Al.  Acta Mater. 2011, 59 (10), 3965-3977  Zhang, X. Acta Mater. 2011, 59 (9), 3422-3430. 
0.8C-Bekaert 
Chen, Y. Z.; Metal. Mater. Trans. A.2013, 44 (8), 3882-3889. 
CVC = concentration of vacancy clusters 
 
 
 
 
Dislocations play a more significant role 
in strengthening of the wires than 
the vacancy clusters. 
Defects 
Vacancy density 
CDBS 
 (Coincidence Doppler broadening spectroscopy) 
0.8C-0.5Mn-0.2Si 
Li, Y. J. et. Al.  Acta Mater. 2011, 59 (10), 3965-3977 
Cottrell atmosphere, dislocation 
trapping C 
Defects 
Pronounced segregation of 
carbon atoms at defects has 
been verified by APT & CDBS. 
Defects 
0.8C-0.5Mn-0.2Si 
Whose main strengthening mechanisms are 
- Scale of the microstructure (Boundary strengthening) which 
decreases as transformation T decreases. NANO-SCALE. 
-  Dislocation density, which increases as transformation T decreases 
and strength of parent austenite increases. 1015-1016 m-2 
- C supersaturated austenite and ferrite, which increases as 
transformation T decreases 
What if I tell you that routinely we work with a microstructure that 
has strong resemblances with deformed pearlite, by pure phase 
transformation?  
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Two phases 
Lamellar disposition 
NANOBAIN = nano-structured bainite 
0.6-1%C-Mn-Cr-1.5Si 
50 nm  
 
 
 
  
Displacive 
 
to minimize strain energy, product phase as thin plates/laths 
H.K.D.H. Bhadeshia and D.V. Edmonds Metall. Trans. a (1979) 
3D reconstruction of bainitic ferrite lath & plate .(FIB-Focused Ion Beam.) 
K. Liu, T.Q. et al Mater. Charact. 62 (2011) 
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  plate thickness 
Cornide, J.; Garcia-Mateo, C.; Capdevila, C.; Caballero, F. G.,. Journal of Alloys and Compounds  2012 
Singh, S. B.; Bhadeshia, H. K. D. H.,. Materials Science and Engineering A 1998 
Ferrite plate thickness 
Austenite morphologies 
High density strong interfaces nano   
Displacive (Dislocations, Nano- twins)  
 
Relaxation of the strains 
dislocations and accommodation twins 
F.G. Caballero et al.  Acta Mater. (2011) 
Garcia-Mateo et al.  Scripta 61(2009) 855 
Displacive (Dislocations, Nano- twins)  & Diffusionless 
200 oC for 2 days. 
Caballero . Acta 2010 & 2011 
twins 
Dislocations or other atoms (cluster) 
On its way…..C trapped at…. 
C supersaturation in 
Caballero et. al. J. Alloys & Compounds, (2012) 
Jang et al. Scripta Mater. (2013) 
C supersaturation in 
Very different C content,  as size    C  better mechanical response 
Garcia-Mateo, C.; Caballero, F. G.; Miller, M. K.; Jimenez, J. A.,. Journal of Materials Science 2012,  
Bhadeshia, H. K. D. H.; Edmonds, D. V. Metal Science 1983,  
Mechanical properties 
High strength + ductility 
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NANOBAIN 
Fine  pearlite
- Nano-scale microstructure 
-High density of defects 
-C trapped at those defects 
-C supersaturation of the 
ferritic matrix 
Heavily drawn
Challenge I : Explore drawn of 
NanoBain … Leads to similar outcome?
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Challenge II : Explore this route, find a niche of application 
“ductile”  nanostructured bainitic wire?
Heavily drawn
+ 
- Nano-scale microstructure 
-High density of defects 
-C trapped at those defects 
-C supersaturation of the 
ferritic matrix 
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